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SOME COMPETITIVE RELATIONSHIPS BETWEEN AGROPYRON SPICATUM
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INTRODUCTION

In its pristine condition the vegetation of the north-
ern intermountain region of the United States was in
dynamic balanece with its environment, TPerennials
were dominant with various life forms and wide
floristie diversity represented. The velatively few
large herbivores caused only minor disturbance to
the vegetation, except perhaps loeally. Though man
was part of these ecosystems, his numbers were not
great, and his society so primitive that he had little
impact upon the vegetation. He had no domestic
livestock and practiced very little crop agrieulture,
Tire was his most destructive tool.

Agropyron spicatum (Pursh) Scribn. & Smith
(bluebunch wheatgrass) was the m: jor plant species
of this region. It flourished on open semiarid sites
from the valleys of the Canadian Rockies south to
the mountain ridges of Mexican Sonora, and from the
slopes of the Caseade Mountains east to the short-
grass plains, In the central part of the Columbia
Plateau, and in other less extensive areas, this species
was the dominant plant, producing more herbage
than all other associated speeies combined (Dauben-
mire 1942, Table 4). Turthermore, it provided an
important understory cover in assoeiation with shrubs
and trees on millions of additional acres.

The introduction of European eculture into this
region with its traditional use of the plow, domestic
livestoek, exotic plants, and fire control, foreshadowed
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destruction of the pristine ecologic balance forever.
Largely through economic pressures and a general
lack of understanding, intensified grazing resulied
in widespread destruction of A. spicatum and an
opportunity for weed invasion on a grand scale.
None of the numerous indigenous annual weed species
was of sufficient vigor to exclude all of the sub-
sequently introduced annuals (Daubenmire 1942, p.
75). Thus, several annual species introdueed from
Europe and Asia have replaced perennial species.

Bromus tectorum IL. (cheatgrass) invaded and
dominated several million acres previously held by
A. spicatwm. This speecies is highly palatable in
early spring, and produces excellent yields of forage
in normal years, ITowever, it is less desirable in
many respects than perennial species which it has
replaced.

As man has brought the land more and more
completely under his control, he has become in-
creasingly aware of some of the undesirable conse-
quences of his past mismanagement, Sevious attempts
are now being made to restore valuable perennial
forage species on native ranges by redueing grazing
pressure or by artificial seeding. Both of these alter-
natives arve expensive.

The hasie factors eontrolling competitive relation-
ships between perennials and annuals on our ranges
must be thoroughly understood if more than trial
and error attempts at restoration are to be made.
It is the objective of the present study to increase
such understanding.
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REVIEW OF LITERATURE
COMPETITION DEFINED

The term “competition,” widely used in the litera-
ture of numerous disciplines, has many and varied
meanings, In this paper, the definitions of Harper
(1961) and Donald (1963) have been aceepted.
Harper defines competition as “the short- and long-
term hardships which result to organisms from the
proximity of neighbours except that it does not in-
clude the direct effect of parvasites and predators
upon their prey or hosts . . .” He further suggests
that a new term, “interference” be used to specify
the kind of ecompetition experieneed by plants grow-
ing near enough to undergo havdships. Donald
agrees in prineiple with MHarper’s definition, but feels
that the term “competition” is preferable if used in
its original context, and as defined hy Clements
(1904). Donald’s definition is as follows:

Competition oceurs when each of two or more organisms
sceks the measure it wants of any particular factor or
thing and when the immediate supply of the factor or
thing is below the combined demand of the organisms.

Much of the literature relating to competition deals
with agrieultural eropping, and the influence of
cropping on yields (Donald 1963). Tn the present
study, seedling swrvival, not wield, is emphasized.

CoMPETITION BETWEEN SUBJECT SPECIES

Ticologic relationships between A. spicatum and B.
tectorum have been deseribed extensively but largely
as opinions based upon experience rather than formal
research. Presumably, these writings are the out-
come of half a century of concerni by those who have
been in direet contact with the problem of depletion in
elimax plant associations, followed by annual grass
invasion, :

Another segment of the literature is devoted to
investigation of competitive relationships between
mature established plants of A. spicatum and invad-
ing seedlings of annual grasses, particularly B.
tectorum. DMost reports on this problem agree that
B, tectorum can, and does, invade climax stands
dominated by A. spicatum in vavious parts of its
range. Typical of these, Daubenmire (1942) relates
that B. tectorum appears to be a fully naturalized
alien in central Washington, presently found in the
indigenous low herb synusia of the elimax “Agropy-
ronetum,” Poulton (1955} reports 129 coverage
for B. tectorum in a elimatic climax Agropyron-Poa
association in northern Oregon. Gooding (1957),
Hulhert (1955), Pickford (1932), Stewart & IHull
(1949), and Tisdale (1947) all report finding B.
tectorum seedlings eapable of competing, at least in
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small numbers and depauperate form, with estah-
lished elimax stands of A. spicatum.

However, dominance of B. tectorum on A, spicatum
sites is only known to oecur as the result of dis-
turbance such as overgrazing, fire, plowing, ferti-
lizer application, or trampling. Biotic elimaxes
result after heavy overgrazing in eastern Washing-
ton (Daubenmirve 1942). Young (1943) reported
that with severe overgrazing, Poa secunda Presl. and
B. tectorum became dominant on shallow soils near
Moscow, Tdaho, replacing A. spicatum. Taking the
retrogression farther, Daubenmire (1940) observed
that intensive spring sheep grazing destroyed a stand
of B, tectorum by preventing its seed production. The
cover was thus reduced to a group of low value, low-
yielding annual forbs and grasses. Warg (1938)
noted that A. spicatum exerts its greatest dominanee
on protected areas in western Montana, while B.
tectorum exercises its greatest dominance on aban-
doned fields, overgrazed ranges, or repeatedly burned
areas. Pielford (1932) found that, in Utah, fire
reduced perennial grasses and A. tridentata while
increasing B. tectorum. On the other hand, grazing
reduced perennial grasses but increased B. tectorum
and A. tridentate. Burning and grazing eombined
reduced overall density to one-quarter of eclimax
cover by removal of most of the perennial grasses
(primarily 4. spicatum) and A. tridentata, but in-
ereased B. tectorum. Hanson & Stoddart (1940) also
working in Utah, found that grazing reduced A.
spicatum root weights in the soil profile to about one-
sixth that produced on an undisturbed site, and
that, to a large extenf, B. tectorum veplaced the
former species under these conditions. Stoddart
(1941) also described the invasion of B. tectorum
on distrubed Palouse grassland areas found in north-
ern Utah, while Stewart & Hull (1949) described the
same phenomenon in southern Idaho,

Wilson, Harris & Gates (1966) report that applica-
tions of ammoniom sulfate to near-climax 4. spicatum
stands in eastern Washington resulted in retrogressive
suceession, ie, a large increase in B. tectorum vields
at the expense of 4. spiccium yields. Soil moisture,
the usual limiting factor for late-maturing species,
is not limiting during late fall to early spring when
B. tectorum growth and reproduction occur.

Reestablishment of A. spicatum scedlings on sites
velinquished to B. teetorum is another facet of the
competition problem. In this situation both speeies
are competing as seedlings; A. spicatum seedlings
must be sufficiently competitive to become perennial
if secondary sueccession is to lead hack toward the
original climax, In some regions, seedlings of other
perennial grass species (of a developmental sere) may
compete and become established diveetly in B, tectorum
stands, and later these stands may be invaded by
seedlings of A. spicatum (Piemeisel 1951).

The literatuve hints that regional variations exist
in the relationship hetween these two species. Hitch-
eock (1950) implies that the elimate of Washington
and Oregon (presumably east of the Caseade Moun-
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tains) more nearly meets the growth requirements
of B. tectorum than any other region, despite its
presence in almost every state. Daubenmire’s work
(1942) in eastern Washington seems to corroborate
Hitcheoek’s inference. He reports that even after 30
yrs of protection from grazing and fire, A. spicatum
seedlings have not invadad dense stands of B. tectorum
on one site under observation. A series of abandoned
fields was examined with Dr. Daubenmire on Page
Creek, near Clarkston, Washington, which have been
abandoned for up to 40 yrs. The surrounding native
vegetation is typical of the Agropyron-Poa habitat
type. IPields abandoned for 1 yr were dominated hy
B. tectorum as were fields abandoned for 40 yrs.
No evidence, could be found within the field or on
field horders that 4. spicatum plants were invading
the area, Dr. Daubenmire helieves that B. tectorum
is able to maintain dominanee on the avea indefinitely.

Reports are available to indieate that elsewhere
reinvasion is somewhat more rapid. Warg (1938),
working in western Montana, reported establishment
of A. spicatum seedlings in dense stands of B. tectorum
around the edges of abandoned fields after 10 yrs, and
estimated that perhaps 30 yrs would be required
for reestablishment of dominance by 4. spicatum.
Over a 5-yr period (1939-1943), Tisdale (1947) re-
corded the reestablishment of A. spicatum seedlings
on protected depleted ranges of British Columbia,
Several others believe that grazing control is all that
is needed to allow perennial grasses to replace B.
tectorum as the dominant species (Leopold 1941,
Tull & Pechanee 1947; Pickford 1932; Piemeisel &
Chamberlin 1936; U.S. Forest Service 1937). Some
of these authors do not make clear however, whether
the perennials return as seedlings or as enlarged
remnants of old established plants.

Most investigators who have studied the problem
of seeding perennial grasses into B. tectorum stands
have eventually concluded that this annual provides
very intensive competition to seedlings of perennial
grasses, In most instances stands of B. teclorum
have snceessfully rvesisted sceding attempts whieh
have not ineluded effective measures for its control.
Robertson & Pearse (1945) treated it as a “elosed
community.” They emphasized that whether the
closed eommunity is one of annuals or perennials is
immaterial; the problem of successful establishment
of perennial grass scedlings is essentially the same in
either case. They hypothesize as to the critieal nature
of the competition involved as follows:

¢ By virtue of its vigorous spring growth, B. lectorum
in dense stands draws heavily on the soil moisture pro-
vided by winter snows and spring rains by the time it
matures seed. Moisture is then not adequate to sustain
the slower growing perennial grass scedlings through the
normally dry summer and fall. Any effective summer
rains that occur after the B. teeforwm plants have be-
come dormant are available for perennials, and this may
explain the successful reseeding in established B. fec-
torum in oceasional years, or in regions with considerable
summer rainfall,’”’
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More relevant to the present study, but fewer in
number, ave reports of research directly concerned
with competition between the subject species. Using
plants in gallon cans and others in glass-faced hoxes
in a greenhouse, Hull (1963) found that B. tectorum
competition reduced the seedling top growth yields
of Agropyron desertorum (Fisch.) Schult, A. erista-
tum (L.) Gaertn. and 4. sibericwn (Willd.) Beauv.
to between one-seventh and one-third of that pro-
duced without interspecific competition. Root growth
was similarly reduced.

Warg (1938) set up a greenhouse experiment in
which he planted 119 A. spicatum seeds and 100 B.
tectoruwm seeds in the same pot to give equal num-
bers of scedlings per square foot. Leaf growth of
A. spicatum slackened 7 days after the final irriga-
tion, and ceased entively at the end of 12 days. In
contrast, B. fectorum seedling growth slackened after
10 days without water and ceased growth after 15
days. Permanent wilting of A. spicatum developed
20 days after the final irrigation, while B. tectorum
seedlings survived for 24 days. He eredited this
longer survival to a superior ability in B. tectorum
to extract moisture from the soil.

Fvans (1961) grew 18 A. desertorum seedlings per
greenhouse box (1 x 1 x 3 ft deep) in competition
with various numbers of B. fectorum plants, from 0
to 256 per sq ft of soil surface. He found A. deser-
torum scedling growth affected in two ways by B.
tectorum competition: (1) early leaf growth was
slowed by increasing competition, and (2) cessation of
growth occurred carlier with each inerease in intensity
of competition, Furthermore, shoot and root weights
were inversely velated to inereases in B. fectorum
densities. However, total B. tectorum yields in-
ereased with inereasing numbers of that specics.
He interpreted the factors of competition to be (1)
veduction of early leaf growth as a result of lowered
light intensity, and (2) early cessation of growth at
the end of the experiment as a result of decreased soil
moisture,

Rummel (1946) working with shallow greenhouse
boxes, found that in competition with dense stands
of B. tectorum scedlings under adequate moisture
levels, the number of A. desertorum seedlings sur-
viving was reduced to about 50% and Agropyron
smithii Rydb. seedlings to about 10% of the number
on plots without B. tectorum. Competition also
markedly reduced top and root weights, seedling leaf
heights, and root lengths of both perennial Specles
He concluded that species which germinate early in
the season and make rapid growth following emer-
gence, as A. desertorum does, resist B. tectorum
competition more successfully than slower developing
speeies such as A. smithii. Adequate moisture levels
produced heavy B. teetorwm growth which limited
light available to the competing specics, and sup-
pressed them.

STUDY SITES

Tield studies reported here were primarily eon-
ducted at two locations, in addition to the laboratory
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studies. Tield competition, rooting depths, and soil
moisture relationships were studied at the Harder
Ranch in Adams County, Washington, where two
20-acre seedings of A. spicatum were available for
use. In addition, root growth studies were condueted
at the old Forest Nursery site at Pullman, Washing-
ton. A description of the general characteristics of
these two sites is appropriate to an interpretation
of the results.

Harper Raxca

The Havder Ranch is located in Adams County
near Benge, Washington. The experimental plots
are located in the southwest quarter of Section 16,
T 17 N, R 37 B, W.P.M,, at an elevation of about
490 m above mean sea level. The topography of the
plots is essentially level, with low buttes rising to
heights of about 60 m in the vicinity. Geologically,
the area is a portion of a glacial outwash plain,
with alluvial materials of undetermined depth over-
lying basalt bedrock,

The surface structure, called “biseuit scabland,”
is typically comprised of mounds of deeper, stone-
free soil of unknown origin appearing in a matrix
of shallow, stony soil. The mounds are roughly
circular on the ground suvface, rising from 30 to
90 em in height above the general land level. They
vary from about 5 to 20 m in diameter, In cross
seetion the soil body comprising the mound has a lens-
like shape, set over the stony soil matrix. Ap-
proximately 10% of the study area is covered by these
“hiscuits.” This structure is typical of large arveas
in eastern Washington and Ovegon. The studies
reported here were conducted entirely on the shallow
phase as described below.

The soil has been classified as a medinm-textured
Benge series, chestnut great soil group. The parent
material consists of alluvium from various sources,
mainly basaltic, with some surface influence from
wind deposited loess. The A horizon is a dark brown
silt loam, 27 to 30 em deep, with a few 12 to 60 em
(or sometimes lavger) houlders scattered throughout.
Structural peds are weakly evident. There is no
indication of a B horizon, but the C horizon extends
to ahout 65 em, where it abruptly changes into a loose,
open gravel deposit.

In its undisturbed condition the vegetation was the
Agropyron/ Poa association (Daubenmire 1942) eom-
monly found as the climatie climax in this zone. At
the beginning of the study, however, the general
aspect of the dominant vegetation was a dense stand
of B. tectorum with an understory of Poa secunda
and scattered remmants of A. spieatum. Theve were
also the usual seattered plants of Chrysothamnus
nauseosus (Pall,) Britt. and numerous low annual
grasses and forbs.

Average annual precipitation is approximately 30.5
em; the distribution pattern is fall-winter-spring with
dry summers. Temperature variation between sum-
mer and winter months is rvelatively narrow, averag-
ing —2°C. for January and 24°C. for July (coldest
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and hottest months, respectively). These data reflect
the oceanic influence expressed in this region,
Winter and summer temperatures are sufficiently
extreme that when coupled with drought in summer
and snow in winter, plants are more or less dormant
during both of these seasons. Some deep-rooting
plants such as A. spicatum, Avrtemisia tridentata, and
Chrysothamus nauseosus continue growth and ve-
productive activities into late summer but most species
mature and lie dormant through June, July, and
August each year. Some plants grow in winter,
especially the root systems of certain annual species.

Purrman Forest NURSERY

The old Pullman forest nursery is located on
‘Washington State University campus. This area had
been plowed and farmed since hefore the turn of the
century, and in more recent years was used for the
production of windbreak tree seedlings in the Clark-
MeNary reforestation program. Within the past 5
yrs the nursery has heen a forestry and range manage-
ment research site,

The research plots were located in the northeast
quarter of Section 5, T 14N, R 45 I, W.P.M,, at an
elevation of 775 m above mean sea level. The plot
arca has genfly volling topography with a SW ex-
posure. Geologically, the area is a portion of the
Palouse Hills formation which has medium-textured
loessal material of varying depths from a few centi-
meters to several hundred decimeters overlying basal-
tic bedrock.

The soil is Athena silt loam, a chernozem. In the
plot loeation the Athena series tends to he transitional
toward the Palouse series which holds a similar
topographic relationship in the prairie eatena under
slightly higher preeipitation. The A horizon is dark
brown and extends to approximately 30 em depth.
The AB horizon, of similar silt loam texture, but
yellowish-brown in color, extends to about 70 em
depth. The B horizon is light yellowish-brown silt
loam, very friable and with coarse sub-angular
blocky structure. At about 90 em the By, horizon
has a cemented, practically impervious stratum high
in ealeium content.

In its undisturbed condition, the native vegetation
of this site was dominated by the Festuca/Symphori-
carpos associntion (Daubenmire 1942) which was
commonly found as the climatie climax in this zone.

The climate at the nursery and Harder Ranch plots
is very similar except that the average annual precipi-
tation at Pullman is approximately 51 em. The in-
creased cloudiness necessary to produce the increased
precipitation results in less sunshine, slightly cooler
summers, and slightly warmer winters. January
temperatures average —1°C,, and July 27°C.

TAXONOMY AND LIFE HISTORY

AGROPYRON SPICATUM
The grasses of this study are both in the sub-
family Festucoideae; A. spicatum is in the Hordeae
tribe, and B. tectorum the Festuceae (Hitcheock 1950).
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Agropyvon spicatum has frequently been divided into
two species by taxonomists. Hitehcock (1950) recog-
nizes plants with divergently awned spikelets as A.
spicatum, awnless individuals as 4. inerme (Secribn. &
Smith) Rydb. However, ecologists working with these
plants in the field have expressed considerable dissatis-
faetion with Hitchecock’s classifieation. Daubenmire
(1939, 1960) points out that plants having all degrees
of awns to awnlessness and of divergence in awns
are found in the field. Hitcheock’s deseription and
classification ignoves the intermediate short awns, as
well as awns on some spikelets but none on others
within the same spike. Daubenmire (1960) demon-
strated that awn lengths intergrade completely from
one extreme to the other, and concluded that awn
length is an unsuitable characteristic upon whieh
to base division of this material. Daubenmire
(1939, 1960), Stoddart (1941), Passey & Hugie
(1963), and others have noted that A. spicatum and
especially A. inerme frequently have rhizomes, con-
trary to Hitcheoek’s deseription.
Daubenmire (1960) concludes that:

“¢Segregation of these biotypes in the field appears to
be a result of habitat selection that allows rhizomatous
individuals to prosper in less arid grassland, whereas
only caespitose individuals survive in the more arid grass-
Jand and semi-desert. In eastern Washington and
northern Idalho early stages of succession favor the
caespitose biotype, but where aridity is not intense, the
subsequent development of a dense vegetative cover
results in a replacement of caespitose pioneers by
rhizomatous plants, so that the two ecotypes have both
a time and a space sequence.’’

Daunbenmire (1960) finally concludes that since 4.
inerme is distinguished from A. spicatum only on the
basis of its awnless character, and this charaeter in-
tergrades completely, and since the caespitose-rhizo-
matous character cuts across both these groups, all
plants should be grouped under the name 4. spicatum.
He further proposes that the deseription be enlarged
to cover the entire group of awnless to divergently
awned and ecaespitose to rhizomatous plants.

Experience has lead to acceptance of Danbenmire’s
proposal. In this paper the name 4. spiceium will
include Hitcheock’s A. spicatum and A. inerme as
well as the unnamed material whieh intergrades he-
tween these two. Pressed specimens of the ecotypes
used in this study may be examined in the Range
Management Herbarium at Washington State Uni-
versity.

In recognition of tremendous genecological varia-
tion which oceurs in a taxon as widely distributed
geographically as 4. spicatum, a genetically uniform
ecotype was sought for use in competition tests con-
ducted in this study. It was found in an agronomic
selection of the native species used widely in conserva-
tion plantings by the Soil Conservation Service,
U.S. Department of Agrieulture (Hafenvichter,
Mullen & Brown 1941). This selection has heen
named “Whitmar,” an awnless, rhizomatous ecotype.
It has been tested widely throughout the Pacific
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Northwest, and found to produce heavily even in re-
lation to local ecotypes on droughty sites. Unless
otherwise indicated, all experimental vesults re-
ported for A. spicatum relate to the Whitmar selec-
tion. Seed was supplied by the Soil Conservation
Service, Plant Materials Center, Pullman, Washing-
ton. ’

Leaf growth on mature plants normally begins in
September or October when inereased soil moisture
and cool growing temperatures coincide. The leaves
grow only slightly during winter, but may be 12-15
em tall when spring snows melt. The appearance of
the infloreseence in the boot stage usually begins in
early June and the reproductive stage ends in
summer dormancy by mid-July. In some unusual
seasons most of the plants may fail entirvely to pro-
duce seed culmng, remaining in the vegetative stage
until summer dormaney. A complete deseription ap-
pears in the Range Plant Handbook (U.S. TForest
Serviee 1937).

Although A. spicatum is one of the major forage
plants over large areas of the west, much care must
be exercised in grazing management if it is main-
tained in the stand. The upright stature of the
plant, makes it vulnerable to overuse (I'ig. 4). It
is particularly sensitive to grazing during its repro-
duective phases.

BROMUS TECTORUM

The taxonomy of B. teeforum is very straight-
forward. Since Linnaeus named the species in 1753
there have been no nomeneclatural changes.

However, following the methods of Turesson (1922)
and Clauson, Keck & Hiesey (1939), geographie races
of B. tectorum were brought together in a garden
at Lewiston, Tdaho, where Iulbext (1955) demon-
strated the existence of several distinet ecotypes.
He noted important differences in winter hardiness,
phenology, height of eulms, pubescence on lemmas,
openness of panicles, and dorsal ecompression of
florets among the plantings.

To optimize uniform response from B, tectorum in
these competition studies, the seed used has been eol-
lected annually from a single location at the Harder
Raneh experimental site.

B. tectorwm is an anmual with considerable plasti-
city in its responses to variations in site. It may
produce a single culm 5 to 10 em tall bearing one
spikelet when growing in a very dense monospecific
stand, or on a sterile, droughty site. On the other
hand, where soil moisture, fertility or light intensity
are not limiting, an individual plant may produce 12
to 15 or more culms, each 50 to 75 em tall and bearing
hundreds of spikelets per culm (Fig. 1). Yield of
forage varies as much as 1,0009 from year to year,
making hazardous any grazing operation based solely
on this species (Hull 1949). Ifs yields in normal
years are usually comparable to, or in excess of,
perennial grass yields on similar sites. When the
forage is suceulent it has high nutrient and prefer-
ence value with both sheep and cattle,
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Fic. 1. Bromus teetorum plants grown at Harder Ranch
site, 1962, indicating growth response to varying site
conditions,

B. teetorum leaves grow but little in the fall, usually
averaging 2 to 4 em tall when covered by snow in
December. Tt does not reach grazing height for
cattle in the spring until 2 to 3 weeks later than
most associated perennial grass species. Once growth
begins the reproductive eyele is rapidly completed
and the plant dies, usually by late Mayv. After
reaching maturity, B. tectorum forage hecomes un-
palatable and low in nutrient value, In this condi-
tion it presents a serious fire hazard, and furthermore,
the shavp-callused seeds may eause blinduess and
lumpy Jaw (actinomyecosis) in grazing animals as the
result of punctre wounds.  Several good deserip-
tions of B. tectorum arve found in the literature
(Klemmedson & Smith 1964 ; Stewart & ITuall 1949).

Under most conditions B. tfectorwm is a winter
annual. But several plants of this species have been
observed in the field to persist through two winters
and the intervening summer. During the spring and
summer of 1959 a field-sized plot was summer-fallowed
at the Ilarder Ranch site, killing most of the B.
teetorum as well as other annuals and perennials.
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In the fall of 1959 a few scattered plants of B.
tectorum germinated and produced seed in the spring
of 1960. In mid-July 1960 a numher of these same
B. tectorum plants were green and produeing a second
set of tillers which subsequently produced seed. All
such observed plants were growing on the deep
“biseuit” soils where moisture content was relatively
high, likely due to the previous year of fallow and
the scattered distribution of the B. teetorum. Ten
individual plants were marked for future identifica-
tion. Eight of these were observed to produce a third
set of tillers in the fall of 1960, and these matured
into inflorescences in the spring of 1961. All of
these plants sneenmbed with the onset of the normal
1961 summer dry period, and intense competition,

Production of two successive sets of infloreseences
in a single growing season is fairly common. In the
spring of 1964, for example, B. tectorum at the
Harder Ranch site produced inflorescences averaging
10 to 12 em tall during the unusually dry spring
season. Then, as the spring season seemed ahout to
terminate, a series of unusual summer storms moist-
ened the soil surface; subsequently the drving plants
revived and produced, a second, taller set of flowering
stems. A similar response was observed in western
Montana in the summer of 1959.

Warg (1938) states that B. tectorum was probably
introduced into cast coast states hefore it was known
in the west. It may have migrated aeross the con-
tinent, or it was introduced directly into the west
from the Mediterranean region. He ecites Alphonso
Wood’s 1861 edition of the “Classical Book of
Botany” as the first to list B. tecforum in the United
States and notes that the earliest known collection in
the west was made in 1893 by Sandberg and Lieherg
in Washington. However, the plant must have been
widely scattered throughout the west at this time
because successive collections were made in such
widely separated places as Utah in 1891 by Marcus
E. Jones, Colorado in 1895 by C. S. Crandall, and
Wyoming in 1900 hy Aven Nelson (Hulbert 1953).

At the present time B. tectorum aceurs in all states
of the UN.S. except those in the extreme southeast.
However, its hest adaptation is in the Pacific North-
west.

FIELD COMPETITION

A 20-aere field at the Harder Ranch site was drilled
to 7 1b of A, spicatum seed per acre in October 1959,
The site had heen sprayed for control of B. tectorum
early in the spring of 1959. This treatment was sue-
cessful where applied, but mauny strips were unin-
tentionally left unsprayed hetween conseeutive spray
hoom passes.  An altempt was made to control B.
tectorum in the untreated strips hy diseing in late
spring. However, the dise treatment was too late
to he effective.

Fall germination of the seeded grass was excellent.
Tt soon hecame evident, however, that B. tectorum
control was highly variable over the seeding. An
aopportunity was thus afforded to study the influence
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of different levels of B. tectorum competition on the
survival and growth of A. spicatum seedlings.

SEEDLING SURVIVAL

Ten locations were selected where 3 levels of B.
tectorum density could be found within a 20 m radius
of the center witness stake. All of these locations
were on the shallow phase of the biscuit seabland
complex. Attention was given in selection for uni-
formity of soil depth and moisture conditions.

B. tectorum density classes were described as sparse
(0-6% canopy coverage), moderate (45-55%), and
dense (95-100%) (Daubenmire 1950). Three plots,
each 1 m sq, were randomly established in each
density class at each of the 10 locations, making a
total of 9 plots per location or an overall total of
90. Sparse plots contained from 0 to 4 B. tectorum
plants per plot, moderate 15 to 20, and dense 90 to
100 (Figs. 2, 3).

Agropyron spicatum seedling counts were taken
in June 1960, October 1960, and June 1962. Counts
on the latter date were found to be highly inaccurate.

A I

Fig. 2. Agropyron -ap
1962, growing in sparse Bromus tectorum,

F1
pressed Agropyron spicatum plants,
June 1962.

Harder Ranch,
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TaBLe 1. Adgropyron spicatum survival under three
intensities of Bromus tectorum competition, Harder
Ranch site, 1960,

Agropyron spicatum seedlings
June October
1960 1960 Average
Aver, No, | Aver. No. [ Survival
per plot | per plot (%)
Dense B. {eclorum....... 30 11 30
Moderate B. teclorum. . .. 36 24 69®
Sparse B, teclorum....... 36 30 86

Exponent letters that differ indicate significance at the .01 level of probability.

Adjacent seedlings which were counted separately in
the 1960 observations frequently had merged through
root erown expansion by 1962.

Seedling survival over the summer period of 1960
was inversely related to B. tectorum density (Table 1).
Only 39% of the seedlings survived the summer in
dense B. tectorum, while 869 survived in sparse B.
tectorum stands. Even 39% survival is considered
relatively high, when it is recalled that under natural
fleld conditions 4. spicatum seedlings are essentially
never able to survive dense B. tectorum competition.
Dense competition in this study averaged about 90 to
100 plants/sq m. Hull & Stewart (1948) report
southern Idaho B. tectorum stands to vary from 300
to 1,000 plants/sq ft (approx, 0.1 sq m), or up to 100
times the density found on these plots. They ohserved
that seeded perennial species could successfully
establish in B. tectorum stands thinned to 50 or even
up to 100 plants/sq ft. Nevertheless, the levels of
B. tectorum density in this study effectively demon-
strate the severity of increasing B. tectorum competi-
tion upon A. spicatum seedling survival.

MoisTURE CONTENT AND HERBAGE YIELD OF SEEDLINGS

Five composite samples of leaves and stems of 50
A, spicatum seedlings each were collected on July 25,
1980, from dense and five from sparse B. tectorum
stands, The seedlings at this time of year were in
the vegetative growth stage, since almost none repro-
duced during the first year.’

Fresh and oven-dry weighings gave data relating to
comparative moisture content and herbage yields.
A comparison of A. spicatum seedling moisture con-
tent and dense and sparse B. tectorum sites (Table 2)
provides a clue to the reason for the outcome in the
survival data discussed above. A. spicatum seedlings
growing essentially without B. tectorum eompetition
averaged 43.2% wmoisture content. By contrast, the
A. spicatum seedlings growing in dense B. tectorum
averaged only 15.8% moisture. At this time the
seedlings. growing in sparse B. tectorum averaged
92 and 7.5 times as heavy (green weight and dry
weight, respectively) as those growing under dense
B. tectorum competition.

Similar data from June 1962 observations show
that early and continued competition from B. fectorum
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TABLE 2. Agropyron spicatum height, weight, and moisture content as influenced by three intensities of Bromus
tectorum competition, Harder Ranch site.

B, tectorum
Agropyron spicatum Seedlings Seedlings
. Av. Weight (oven dry)
% Moisture Av. Height Av, Height
July 25, 1960 July 25, 1960 June 15, 1962 June 1960 June 1960
LA (grams) (grams) (em,) (em.}
Dense B. feetorum. ............ 15.78¢ 076G 1.78¢ 17 .50 58.0¢
Moderate B, tectorum. ..... - 31.1b 54.2¢
Sparse B, tectorum............. 43.180 571b 10.414 38.2b 43.2bc

Exponent letters which differ for comparable figures indicate significance at .01 level of probability,

suppressed the growth of surviving seedlings., B.
tectorum distribution patterns on the study area
remained essentially unchanged from 1960 to 1962,
Wherever B. tectorum was sparse in 1960, A. spicatum
plants controlled the site almost to the exclusion of
B. tectorum. Where dense B. tectorum suppressed
the A. spicatum seedlings in 1960, B. tectorum con-
tinued to dominate the site in 1962 (Fig. 4, 5). How-
ever, A. spicatum seedlings in the dense B. tectorum
stands did make slow progress toward overcoming the
disparity in weight evident in 1960. By the spring
of 1962, seedlings grown in sparse B. tectorum
averaged 10.41 g each, an 18-fold increase over the
1960 weight. On this date, seedlings suppressed by
dense B. tectorum competition averaged 1.78 g, which
represents a 23-fold increase over the 1960 average
seedling weight.

Leaf heights of A. spicatum seedlings measured in
July 1960, exhibit an inverse relationship, whereas

—
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Fi16. 5. Typical Agropyron spicatum plants collected
June 1962 from sparse Bromus tectorum site at Harder
Ranch,

B. tectorum heights exhibit a divect relationship, with
inereasing density of B. tectorum (Table 2). 4.
spicatum seedlings in dense B. tectorum competition
averaged only 17.5 em tall, less than half the 38.3 em
average height of seedlings growing under 2 minimum
of B. tectorum competition. A. spicatum competi-
tion, on the other hand, reduced average B. tectorum
-culm heights from 58.0 em in dense B, tectorum, to

43.2 em in dense A. spicatum, a reduction of about
25%.

Soin. TEMPERATURE AND MOISTURE

]

Fla. 4. Typical Agropyron spicatum plants collected Pits were excavated to a depth of 15 dm in dtl:nse
June 1962, from dense Bromus teclorum site at Harder and sparse B, tectorum stands at 3 of the 10 locations
Ranch, between July 25 and 28, 1960. Pits in dense and
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sparse B. fectorum were dug simultaneously at each
location. Soil temperatures were observed at 10 em
intervals in the fresh pit sides using mercury-in-glass
thermometers. Observations were made between 1:00
and 3:00 p.m.  Shaded air temperatures 1 m above
the soil surface ranged from 38 to 40 C.

Soil samples for moisture determinations were also
removed from the fresh walls of the pit. Wilting
percentage determinations were made on samples eol-
lected from the same points in the pits, to allow
estimates of water availability. The pressure mem-
brane method of Richards & Ogata (1961) was fol-
lowed, extracting the moisture to 15 atm pressure.

Soil temperatures range from 56 C at the surface
to 23 C at 1 m depth. Swface temperatures under
sparse B. tectorum cover were generally higher than
under the shade of dense B. tectorum. However, this
influence was lost within 10 to 20 em of the surface.
No signifieant diffevences could be found in average
soil temperatures under the two B. tectorum densities.

Soil moisture content of the profile was found to be
below the wilting percentage at the 20 and 50 em
levels, hut above wilting at 100 em depths. Color
changes indieating a transition from dry to moist
soil in the pit walls were observed at about 60 to 80
em. Differences in soil moisture content were highly
significant with increasing depth. However, mean
differences in soil moisture content under sparse or
dense B. tectorum were negligible, as were differences
by depths under the two B. tectorum densities,

Roor DISTRIBUTION AND MORPHOLOGY

Seedling root systems of the two species were
studied in the walls of the pits excavated in July
1960 as deseribed above. Imploying the ice pick
method, voots of plants in sparse and dense B.
teetorum stands were examined to determine lateral
spread, number of seeondary roots, maximum depth
of penetration, and habit of growth.

Roots of A. spicatum scedlings were relatively
simple to trace from the pit wall. They are large
in diameter, tough, and not profusely branched.
B. tectorum voots were infinitely more diffienlt lo re-
move, owing to their extremely weak structure and
diffuse branching. A complete individual root system
of B. tectorum has not heen removed from a natural
field site. Hulbert (1955) excavated and drew the
main root of a B. teetorum plant, but he shows no
secondary root development of any consequence. B.
tectorum plants grown under similar fleld eonditions,
and exeavated in the current study have all had
several sizable secondary branches subdividing from
the primary root (I'ig. 6).

Tirst season A, spicatum seedlings excavated from
dense B. tectorum stands averaged 2 stems of 3 leaves
each. In sparse B. tectorum stands, plants averaged
4 to 5 stems with 5 leaves each. None of the smaller
A, spicatum plants in the dense B. tectorym produced
seed heads, while several in the sparse stand did.

In dense B. teclorum, exeavated A. spicatum seed-
lings averaged 6 to 7 primary and adventitious roots
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Fig. 6. Diagram of Bromus tectorim plant exeavated
at Harder Ranch site, July 1960.

per plant, which penetrated the soil to a depth of
50 to 60 em with a few at greater depths, Survival
certainly must have been dependent upon roots reach-
ing the deep moisture supply (beyond 60 em in this
ease), In sparse stands, 4. spicatum plants averaged
12 to 15 primary and adventitious roots per plant
with average penetration to 95 em depth. Several
of these roots reached depths of 110 to 120 em, and
one was found to end at 136 em.

Two specific kinds of roots were noted on each
A. spicatum seedling. A diagram of two typical A,
spicatum plants excavated from pits at Harder Ranch
is shown in Pig. 7. Only a few representative roots
which were in the plane of the pit face, are shown here.
Directly under the plant are 1, 2, or 3 very fine roots
which grow directly downward from the root erown.
They are small in eross section, diversely hranched,
and heavily covered by root hairs (X in Iig. 7). The
soil does not shake off readily, because of the many
long root hairs. These fine roots ave the primary and
secondary voots, developing from the mesocotyl. It
is suspected that they may be annual, aborting later.
They grow rapidly into the subsoil and sustain the
seedling while a more elaborate root system is de-
veloping. However, if competition js severe, the seed-
ling must survive on this primary root system.

Tf the site is suffieiently good, a system of adventi-
tious roots developes. These may or may not ac-
company tilleving at the lower stem nodes. Roots in
this category ave noticeably heavier in structure,
lighter in color, less branched, and have fewer root
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F1c. 7. Diagram of Agropyron spicatum root systems
excavated at Harder Ranch site, July 1960. Plant on left
from dense Bromus tectorum; plant on right from
sparse Bromus teeforum,

hairs than the primary roots (Y in Fig. 7). They
come out of the soil easily and the soil particles shake
off readily, apparently because root hairs are fewer
and shorter. Presumably they are lavger because they
arise from nodes higher on the stem. These nodes are
larger as a consequence of having more vascular
hundles.

Adventitious roots of /. spicatum seen in this study
invariably grew almost parallel to the soil sur-
face for 20 to 30 em before turning downward.
This tendency may be noted in Figs. 7 and 8. Such a
habit of root growth could explain the wide spacing
of A. spicatum plants in the field.

Tt is not unusual for root branches of A. spicatum
to be unaffected by geotropism. Many root hranches
were observed to grow upward. One excavated root
which reached 62 em down the pit wall measured 94
em when streteched out, an inerease of 50% in length.

This general hahit of root growth, wherein adventi-
tious roots parallel the surface for some distance,
has heen verified in native stands of A. spicatum at
various loeations in Washington, Oregon, and Idaho.
It appears that this character varies widely with loca-
tion, with some ecotypes reacting similarly to the
Whitmar strain used in this work, while in others roots
grew almost straight down from the root erown. Per-
haps this is a genetically controlled character which
varies as does awn length, rhizomatousness, and leafi-
ness in this highly plastiec and widely adapted taxon.

Root characteristics of B. tectorum were very
similar in hoth dense and sparse stands. A robust

Ecological Monographs
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Fic. 8. Agropyron spicatum plant at Harder Ranch
site with upper roots exposed. Note absence of roots
directly under erown,

plant with 19 culms (all hearing mature inflorescences)
had 8 major root trunks at the crown. Most B.
tectorum roots appeared to terminate at about 105
em, with a few going heyond to a maximium ob-
served depth of 117 em.

Primary and adventitions roots are present in B.
tectorum seedlings also. As in A. spicatum, primary
roots are smaller and more diffusely hranched than
are the adventitious roots. Tillers ave commonly
produced in the top and parallel development of
adventitious roots oeeurs during the winter if growth
factors are favorable (Fig. 6). Again, if competition
is severe, the seedling survives on its primary root
system, with no adventitious roots developing. While
adventitious roots are growing, the primary system
also is extended.

Both primary and adventitious roots of this species
tend strongly to grow straight down. The primary
system seldom branches until it reaches a depth of
about 10 em.

Roots of B. tectorum can readily be distingnished
from those of A. spicatum by color and morphology.
A. spicatum roots are off-white; B. tectorum roots arve
dark brown. B. tectorum roots are smaller in di-
ameter, weaker in tensile strength, very noticeably
more diversely branched, and have more and longer
root hairs.

A limited sample was taken of the number of roots
passing vertically through a projected 1 sq dm plot
at 40 em depth in the soil. Agrepyron spicatum was
sampled under a full stand in a sparse B. tectorum
site. The count averaged approximately 8 roots/plot,
with a range of 3 to 19. Under a dense B. tectorum
stand, B. tectorum root density was too great for ac-
curate counting, but was estimated to be in excess of
200 /dm on the basis of remaining roots after excava-
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g€,

T1G. 9. Bromus tectorum roots exposed under a dense

stand.  Approximately 509, of roots lost in process of
excavation.

tion (Fig. 9). Roots in Fig. 9 were extracted with
great eare, and yet an estimated 309 were emrried
away, and are not shown in the photograph. Careful
field inspeetion revealed at least one root hair in
practically every soil pore space.

ANATOMY

Tmmature leaves and mature voots were selected
for microseopie study. Roots were sampled at 10,
40, and 80 em depth, to compare root anatomy of the
two species in the developmental stages at which they
compete with each other. Matuve roots of grasses
are difficult to seetion owing to high silicon content of
coll walls,  Consequently, the number of slides suitahle
for examination was limited. But they represent
the first known attempts to charactevize the anatomy
of the roots of these species.

LEAvVES

Leaves of these two species have essentially the
same anatomical structures, though they are quite
different in size and shape (Fig. 10). Leaves of 1.
spicatum are narrow and obviously involuted, with
somewhat heavier cell walls and thicker veins than
B. tectorum. B. tectorum leaves ave wider and rela-
tively thinner. B. tectorum leaves arve normally ex-
posed to less moisture stress than oA, spicatuom leaves,
duc to differences of seasonal growth.

Roots

Anatomy of the voot structure of these two species
i also basically similar but differs in important de-
tail (Fig. 11). In both species the cortex has heen
sloughed off, leaving the endodermis exposed at the
periphery.  Both have the typieal vascular structure
of the Monocotyledoneae with central protoxylem
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Fig. 10. Photomicrographie comparison of the leaf
transections of Bromus fectorum (above) and Agropyron
spicatum (below) (approximately 180 x).

tissue and scattered bundles containing metaxylem
and phloem tissues. Ilere the similarity ends, how-
ever. In addition to heing almost 1009 larger in
cross-sectional area, A. spicetwm roots have tre-
mendously heavier cell structure throughout. A eriti-
cal area of eell wall thickening is in the endo-
dermis, where it ean be seen that cells in A. spicatum
roots are heavily suberized. B. tectorum roots show
only a fraction of the thickness found in the endo-
dermis of . spicatum. It is not difficult to visualize
the difference in tensile strength previously noted for
the roots of these two species, nor to understand
why B. teetorum matures and dries out when surface
soils become hot and dry in later spring.

GERMINATION AND GROWTIH RATES

Both species produce seed regularly each year. B.
tectorum seed matures in the late spring or early
summer, falls to the ground, and germinates with fall
rains, <. spieatum seed matures in midsunnmer, and
shatters progressively over a period of several wecks
after that date.

FIELD GERMINATION

B. teetorum germinates in the fall with the onset
of cool, wet weather and short days. Hulbert (1935)
reported that newly ripened seed germinated very
poorly at high temperatures or in light. However,
after 3 months of after-ripening these factors exerted
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IM1g. 11, Photomicrographic comparison of root tran-
scetions of Bromus teeforum (above) and Agropyron
spieatum (below) (approximately 350 x).

less influence. In the field, the onset of fall weather
brings reduced soil temperatures and light intensities.
“Thus the internal changes in response are correlated
with seasonal ehunges in environment . . " and germi-
nation oceurs in the fall (Hulbert 1955).

If sumimer is unusually eool and wet B. tectorum
will germinate. In mid-August 1961, a period of cool,
wet weather oceurred in eastern Washington,  An
estimated 15%, of the B. tectorum sced germinated
on 10 seleeted 1 m sq plots. Within 2 days, hot, dry
weather returned and all of these seedlings died.

Records of germination of A. spicetum under na-
tural conditions are rare. To make a record of such
germination, a study was initiated in the Palouse
Natural Area, located about 20 mi south of Pullman,
Washington. The site was classified as an Agropyron /
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Poa habitat type {topographie climax), with elimate
very similar to that deseribed for the Pulhuan
Nursery site. Seed of A. spicatum and B. tectorum
was collected for the experiment in August 1962 from
the experimental area. On September 5, 1962, 3
small plot locations were established, hefore seasonal
rains began. A plot consisted of a bare area 15 by
30 em between large established A. spicatum plants,
The surface 5 mm of soil was removed along with
litter and extraneous seeds found there. One hundred
seeds of A. spicatum and B. tectorum were scat-
tered in separate spots at each of the 3 plots. These
were then covered uniformly with approximately 3
mm of fine soil.

Observation on September 18, 1962, following 28
mm of preeipitation which fell September 10 through
13, showed 16% germination of A. spicatum, and
17% germination of the B. tectorum seed. Natural
seed of annual plants native to the area (both grasses
and broad-leaved speeies) were noted to he germinat-
ing on this date alsn. Subsequent ohservations, con-
tinuing until December 21, 1962, failed to disclose any
further germination of either species, Laboratory
germination tests at 20 € aver a 5-day period resulted
as H3% and 819 germination, rvespectively, for A.
spicatum and B. teetorum seed used in the trails,

TEMPERATURE AND WaATER PoOTENTIAL

A factorial experiment was designed to test the
influence of various temperatures (10, 20, 30 (') and
water potentials (0, 5, and 10 atm) on germination
of the study species. Seeds were exposed to germi-
nating conditions by placing them in 15 em diameter
petri dishes on a 29 agar-agar substrate.

Water potential was controlled by mixing d-
mannitol at various concentrations in the agarv-agar
substrate. Desired tensions were caleulated as follows
(Knipe & Herbel 1960) :

_ PVm

T RT

where g is grams of mannitol required, P is desived
water potential, V is volume in liters, m is molecular
weight of mannitol (182), R is .08205 liter atm/
degree mole, and T is absolute temperature. Stock
solutions were mixed by adding 40 g of agar-agar
to 200 ml of distilled water. To areive at 5 atm
water potential, 75.8 g of mannitol were added to the
stoek solution, and 151.6 g for 10 atm. None was
added for the 0 atm water potential mixture, These
concentrations were later verified by use of a Peltier
psychrometer and found actually to he 6.2 and 114
atm rather than 5 and 10 as ealeulated.

Temperatures were maintained in three separate,
darkened, econstant-temperature germination cham-
hers. All treatments were run concurrently. Previous
tests had demonstrated that continuous darkness (ex-
cept during examination for counting germinated
seeds) did not inhibit germination. Temperatures of
10, 20, and 30 = 1 C were maintained throughout the
germinating period.

Petri dishes, each containing agar-agar at a specilied

g
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TABLE 3. Influence of temperature and water potential variations on early germination of Agropyron spicatum

and Bromus tectorum.

Germination
4 days 6 days
Temperature | A. spicatum B. tectorum A. spicatum B. tectorum
Water Potential (atmospheres) ()] (%) (%) (%) (%)
Bl covsiimmnns s s e e WOt vaie G4 10 0 1 2 23
20 33 36 66 51
30 31 26 50 33
T L N T 10 0 0 0 12
20 14 20 44 37
30 16 11 30 14
) 10 0 0 0 0
20 1 4 14 11
30 0 3 2 6
Analysis of variance, pereent germination
4 days 6 days
Source D.F. M.S. F. D.F M.S. T
Temperature. . ..........o.ooennn.... 2 1626 bO** 2 4269 82.6*%*
Water potential, .. ................. 2 1788 55%* 2 4604 88.5%*
TR T 4 442 14%* 4 482 9.3%**
Brrov "A”. . e 18 32 18 52
SPECIeS. vt e 1 3 .2 1 96 5.1*
B3 Tiuvans mavavess saess Seasasa o 2 45 3.5% 2 623 33.5%
B W s e i sresmrin mesreRl 2 b 4 2 23 1.5
S.xT.xW.P..oooi 4 14 1.1 4 196 10.5%*
Error “B”. . 18 13 18 18.6
) P g 53 53

*ignificant beyond the 5% level of probability,
#**Rignificant beyond the 19 level of probability.

water potential were subdivided into halves by sealpel
streaks on the surface. One hundred seeds of each
of the two species were placed in each dish. Three
replications at each of the 3 water potentials were
placed in each constant temperature box. Thus there
were 9 petri dishes in each of 3 temperature boxes,
with each dish containing 2 species, for a total of
54 sample units. Observations of germination were
made daily at a given howr. Germination was defined
as the appearance of a minimum radicle 2 mm in
length. Data for the fourth and sixth days are
summarized in Table 3. These results show initial
response, which is of greatest significance to competi-
tion. )

At the end of 4 days, overall germination averaged
119,. Both temperature and water potential varia-
tions resulted in signifieant changes in germination,
Considering the 2 species together, germination aver-
aged 21.2, 8.5 and 1.3%, respectively, at 0, 6.2, and
11.4 atm water potential. There was no overall dif-
ference in germination of the 2 species at the end of
4 days. '

In 4 days at 10 C there was praetieally no germi-
nation in either species. Ineipient germination was
indicated in B. teciorum at 0 potential on this date,
but none at the higher water potentials. Germination
of B. tectorum was higher at 20 C than 30 C (20 vs.

139 germination, respectively), verifying Hulbert's
(1955) conclusion that this species germinates more
readily at moderate temperatures. He relates this
characteristic to the neecessity for cool, moist fall
weather if the seedlings are to survive after germina-
tion. Germination of 4. spicatum did not differ signi-
ficantly at the two higher temperatures.

At the end of 4 days, the 2 species had reacted
quite similarly to changes in temperature as water
potential was varied (second order interaction).

{ermination overall increased from 11% at 4 days
to 229, at 6 days. Temperature and water potential
continued to cause significant differences in response.
Considering the 2 species together at 6 days, germi-
nation was 6, 37, and 229%, respectively, at 10, 20,
and 30 C, and 37, 22, and 6%, vespectively, for 0,
6.2, and 11.4 atm water potential. The tendency for
higher germination at 20 C than at either 10 or 30 C
continued as at 4 days germination time.

Agropyron spicatum germinated less than 1% at
10 C, while 6% of the B. tectorum germinated at this
temperature. Both species germinated better at 20 C
than at 30 C, with A, spicatum showing slightly
higher (21 and 14%, vespectively) values than B.
tectorum (16 and 9%, respectively). Germination of
the 2 species did not react differently to inereasing
water potential.
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The 2 species reacted differently to changes in
temperature and water potential (second order inter-
action). This results from the higher germination rate
for B. tectorum at low temperature associated with
low water potential, as well as at high temperature
associated with high water potential.

SEASONAL GROWTH WITHOUT
COMPETITION

After fall germination, both species appear to lie
dormant during the coldest winter months, and re-
sume growth in the spring. A detailed fleld study of
the rates of root and leaf elongation were made at the
Pullman Nursery in the winter of 1963-1964,

A battery of 20 glass tubes, 51 mm in diameter
and 1.2 m long, were arranged in orchard auger holes
at 17° from the vertical plane, so the roots would
grow against the glass for obsevvation, These were
arranged so the tops of the tubes were slightly ahove,
and the soil surface in the tubes even with, the general
soil surface of the land. They could be lifted out for
observation at will. Tubes were in full length con-
tact with the soil profile; preliminavy tests demon-
strated a close corrclation between soil temperatures
in the tubes and in the adjacent profile at all depths.
The tubes were divided into 2 groups of 10, each
group being seeded to 1 of the 2 speeies being studied.
Measurements were made of maximum root depths
and leaf heights at approximately weekly intervals
over a 10-month period, October to July. In addition,
numbers of primary and adventitious roots, numbers
of leaves, and numbers of stems were counted at
frequent intervals. Presence of snow made leaf and
stem counting very difficult so these observations were
discontinued during the snow period.

Within the same experimental avea described ahove,
soil temperature data were collected for depths of
10, 25, 50, 75, and 100 em. This activity was begun
on December 13, 1963 and continued into July, 1964,
Mercurey-in-glass thermometers were left in eontact
with the soil in the bottoms of separate holes of ap-
propriate depths. The bulbs were covered with seal-
ing wax to slow temperature changes when the ther-
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mometers were brought up for observation. The
openings to the test holes were closed with rubber
stoppers through which the retrieving cords passed.
Two identieal sets of thermometers provided repli-
cated readings.

Rare or Roor GrowrH

Seed of both species were pregerminated before
being placed in the field on October 4, 1963. Roots
of B. tectorum were readily visible, following the lower
side of the tube, The initial roots of A. spieatum,
however, grew to the upper side of the tube in most
instances, before appearing on the lower side. Root
growth was not evident on the lower side in all tabes
until the November 22 observation (Table 4).

Agropyron spicatum voots grew rather slowly
from the October 11 observation wuntil mid-Novem-
ber, when growth ceased almost entirely (Fig. 12).
Soil temperatures at the average A. spicatum root
tip depth was 0 C on December 13 and remained
at near freezing temperatures until late March 1964.
During this 3-month period, the average maximum
root length of this species inereased only about 5 em.
On May 19, A. spicatum roots were short and stoeky.
Adventitious roots were relatively abundant, but
averaged only 200 mm in length,
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F1g. 12. Seasonal leaf and root growth of Agropyron
spicatum and Bromus tectorum in glass tubes in the field
(1963-1964). Leaf heights represent tallest leaf, and root
depths represent longest visible primary root tip.

TaBLE 4. Number of leaves, stems, and main roots, by dates, on plants grown in glass tubes, 1963-1964,

Leaves Stems Main Roots
(Average Number) (Average Number) (Average Number)
A, spicatum B, tectorum A. spicatum B, lectorum A, spicalum B. leclorum

08t T s iwamss 1.0 1.0 1.0 1.0 0.2 0.8
Oct. 18 1.9 1.8 1.0 1.0 0.5 0.8
Oct.25............ 2.6 2.7 1.0 1.1 0.6 1k
Nov.8............ 2.7 4.8 1.0 1.1 0.8 2.8
Nov. 15 2.9 6.9 1.0 2.4 0.8 3.2
Nov: B2esmmvas i i 3.0 T 1.0 2.9 1.1 3.5
Fes T ———— 3.1 8.9 1.0 3.1 1.2 Bt
Dec.6............ 3.4 8.9 1.0 3.1 1.3 3.7
Jan, 3...... ... 3.1 10.3 1.2 3.1 1.4 3.9
Feb.9............ 1.7 4.0
May 19. 12.6 32.9 3.2 6.6 6.6 15.6
June12........... 21.5 6.4 12.6

July 1............. 37.7 9.0 23.4
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With the coming of spring and increasing tempera-
tures, the rate of A. spicatum growth inereased rapid-
ly. Between March 29 and July 22, the average root
length inereased from about 170 mm average length
to in exeess of 1150 mm. Spring and early summer
are the times for root growth in this species. Rapid
root growth coineides with rapid leaf growth in A.
spieatum.

B. tectorum roots begin growth at a more rapid rate
than 4. spicatum (Fig. 12) and continue growth all
winter. Soil temperatures average from 2 to 3
degrees warmer at the root tips of B. tectorum than
at shallower depths where A. spicatum voot tips were
found. This may be a critical difference where ehemi-
cal changes rvelating to cell division at root tips must
precede growth,

The root growth curve of B. tectorum leveled off in
late Mareh, showing little additional growth in Apuil
and early May. During this period surface water
from snowmelt and spring precipitation entered the
holes, filling them approximately to the level of the
B. tectorum voot tips. This could explain the spring
cessation of growth in B. tectorum roots noted above.
Or, it might he explained by diversion of photo-
synthate to increased growth of either adventitious
roots or tillers. However, the water level explana-
tion seems most acceptable. Contrasted to A. spica-
tum, primary B. tectorum roots grow mainly during
the winter when leaf growth is much reduced. Ad-
ventitious roots in B. tectorum grew rapidly during
the winter also. On January 2, five B. tectorum
plants had adventitious roots averaging 499.8 mm in
addition to much longer primary roots. Numerous
‘other adventitious roots were also observed on each
of these five B. tectorum plants.

The average number (primary plus adventitious
trunks) of main roots inereased eontinuously through-
out the winter in both species (Table 4). Be-
tween time of germination and November 15, A.
spicatum roots were more or less unavailable for
observation as previously noted. Of 10 plants ob-
served in October 4, only 2 had roots visible on the
face of the tube. The number increased steadily
through 5, 6, and 8 until on November 22, 9 plants
each exhibited 1 root, while 1 plant had 2. Adventi-
tious roots of A. spicatum continued to increase
slowly through the winter, until on May 19 the
average number was 6.6. Two months later the
average number had inereased to 24.5 roots.

Average number of B. tectorum roots inereased
more rapidly than in A. spicatum. By November 15
the average B. tectorwm plant had 3.2 roots. This
number inercased very slowly through the winter
into February. The only spring count, on May 19,
indicated that an average plant had 15.6 roots at that
time. Soon after the May 19 date, rodents grazed
all the B. tectorum stems and rendered further
records valueless,

LeAr AxD STeM GROWTH
Leaves of 4. spicatum averaged approximately 10
mm taller than B. tectorum leaves throughout the
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winter (Fig. 12). However, with the advent of wurm
spring weather, B. tectorwn leaves and reproductive
stems elongated rapidly, temporarily surpassing A.
spicatwmn in stature. The period of maximum 4.
spicatum leaf elongation was approximately the same
as its period of maximum root growth. On the other
hand, the period of maximum leaf elongation in B,
tectorum oceurred in mid-spring, following the winter
period of maximum root elongation. Average leaf
height data indicate that averages decreased slightly
at times during the early winter. This was due to
attrition in handling, grazing by rodents, and other
forms of destruetion during the period of very slow
winter growth.

The volume of leaf growth produced through the
winter is more accurately indicated by the number
of leaves and stems than by leaf height data. Counts
shown in Table 4 disclose a winter plateau in the
average number of leaves and stems per plant of
A. spicatum, followed by a spring burst in growth.
B. tectorum produced more of hoth leaves and stems
throughout the winter, and arrived at a peak of
activity approximately 6 weeks earlier than 4.
spicatum,

Bromus tectoruwm was in early flower stage of de-
velopment at the May 19 observation. Every plant
produced flower stalks. A. spicatum seedlings re-
mained in vegetative condition until July 1, when 1
plant was found in early boot stage. All plants were
destroyed by rodent grazing before flowering was com-
pleted.

Though 4. spicatum seedlings appeared to be much
less vigorous than B. tectorum seedlings in fall
and winter, in the culmination of its first season of
growth (without competition) it produeed more
leaves, stems, and main roots and grew to a greater
total leaf height than did B. tectorum at its peak.

SOIL MOISTURE RELATIONSHIPS

It shonld now he clearly evident that B. tectorum
roots grow more rapidly in the early stages than do
A. spicatum roots. It is not clear at this point,
however, but ouly suspected, that B. tectorum roots
actually exhaust the available moisture supply in
advance of the competing 4. spicatum roots, thus
reducing their rvate of elongation and finally causing
their demise.

Solution of this puzzle requived a method of ac-
curately determining the presence of available soil
moisture without unduly disturbing competing root
systems. Turthermove, intertwined root systems of
the 2 species had to be identified while remaining in
the soil, so their position relative to available soil
moisture could be established. The problem was
brought into the laboratory where growth factors
were more fully controllable, and sophisticated equip-
ment eould be brought to bear,

A modification of the gamma ray attenuation
technique as deseribed by Gardner (1963) was em-
ployed to determine soil moisture levels. In prineiple,
a heam of gamma rays was projected through the ex-
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perimental soil column at specified depths. A sealer,
activated by a scinfillation deteetor placed on the
opposite site of the soil column from the beam souree,
measured its intensity. The intensity of the beam is
attenuated (or reduced) by passing through the soil
column. If the densify of the soil (minus soil
moisture) is constant, then changes in beam intensity
over time can be related to changes in water content,

Root identification in the soil was aceomplished
through the use of P32, a radioactive isotope of
phosphorus. Briefly, the isotope was introduced into
the vascular system of the A. spicatum seedlings
through the leaves. It moved rapidly into the root
system through natural channels. Radio-autographs
were made of the 4. spicatum root systems by plac-
ing X-ray film in contact with the side of the experi-
mental soil eolumn, In the same hoxes, B. tectorum
seedlings were then nctivated and radio-autographs
made to show the combined A. spicatum and B.
tectorum root systems. B. tectorum root systems conld
he recognized in the second radio-autograph by sub-
tracting A. spieatum rvoots seen in the first radio-
antograph.

No influenece on plant growth could be noted as a
result of gamma ray exposure in moisture determina-
tions, Only a very small part of the boxes was ex-
posed in the path of the 1.27 em diameter beam,
passed through at 9 depths,

Roor Stupy Boxes

Plants were grown in hoxes 13 cm wide, 22 cm
long, and 100 e¢m deep. The sides were mounted for
easy removal to allow visual inspection of roots and
preparation of radio-autographs. They were also
provided with ports which could be opened for
gamma ray soil moisture determinations, Boxes were
lined with .0127 mm thickness milar film fo reduce
moisture loss at the column sides, and to prevent
loss of soil from portholes.

The soil was prepared by artificially aggregating
Palouse silt loam “A” horizon material. Tt was first
sterilized in an autoclave, after which it was thorough-
ly air dried. Tt was then eompletely mixed by hand
shovel on a conerete floor, Kryllium (VAMA) at
the rate of 0.1% by weight was added to the dry
soil in a cement mixer. Aggregates were formed by
adding water in a fine spray as the soil turned in the
mixer. After the aggregates had air dried again,
they were sereened through a 2 mm sieve to remove
the larger aggregates.

Mechanical analysis by the Bouyoucos (1928)
hydrometer method verified the silt loam eclassifiea-
tion of the soil used. Textural composition was
found to be 169 sand, 629, silt, and 229 clay.

The soil was placed in the boxes with great care
to assure as uniformm bulk density throughout as
possible.

Distilled water was added at the top of cach box
over a 2-day period until visual inspeetion indicated
that the soil at the bottom was thoroughly wetted.
The hoxes then stood for a period of 2 months to
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TABLE 5. Arrangement of species in root study boxes.

Number of
Box Number Species Plants Ratio
1,2,21,22......... A. spicatum 224 4
B. tectorum 49 1
3,4,23,24.........| A.spicatum 49 1
B, teclorum 224 4
5,6,25,28......... A. spleatum 136 1
B. tectorum 136 1
7,8,27,28.........| A.spicatum 273
9,10,29,30........ B. tectorum 273
2 N | None None

drain excess water and to allow settling, No further
water was added- during the experiment, except as
noted at planting. At the end of the waiting period,
excess soil was removed to establish a permanent soil
surface level 2 em below the box tops,

Pregerminated seeds of the subject species were
planted on 1 em centers. Species combinations were
arranged as shown in Table 5, using a geometrie
pattern which resulted in the sparse species (49
plants /box) being complotely surrounded by the dense
species (224 plants/box  Where equal numbers of
each were planted, the spwcies were alternated.

CoNTrOLLED GnrowTH FACTORS

In the first run, January 15 to Maveh 11, 1964, the
hoxes were held at 21 + 2 C night temperature and
27 = 2 C daytime temperatures in an air condi-
tioned laboratory. Light intensity was approximately
1,000 ft-c¢ measured at leaf level. Day length was 12
hr. Lights provided the excess heat energy which
raised the daytime temperature. The first run in-
cluded boxes 1 to 11, and the second run 21 to 31.

Some innovations were added in the second run.
The hoxes were held for most of the period in a
refrigerated growth chamber, where it was pos-
sible to simulate fall field conditions of cool air
temperatures and an inverted soil temperatur gradi-
ent. Boxes were also tilted slightly to bring more
roots to the soil surface for radio-autography. At the
begining, from July 15 to July 21, and again at the
end of the run from November 3 to December 3,
1964, growing conditions were the same as described
above in the laboratory. The air temperature control
on the growth chamber was set a 8 C which was
the lowest possible during the summer months, The
hoxzes were sealed info an insulated jacket inside the
growth chamber, with only the tops exposed. An
electric heating eable was placed under the hoxes and
adjusted to provide 5 C higher soil temperature in
the bottoms than the air temperature above. Record-
ing thermometers monitored air temperature, and
soil temperatures at 7.5, 45, and 80 em depth. Air
temperature in the growth chamber was maintained
at 8 =1 C. Soil temperatures at 7.5 em varied from
day to night, reaching a high of 10 C at 6 PM and a
low of 8 C at 6 AM. Tnereased surface temperatures
were the result of energy added by lights. The deeper
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soil temperatures did not vary diurnally; at 45 em
the average temperature held at 8 = 1 C and at 90
em it averaged 13 == 1 C,

Soin Morsture DETERMINATION

Soil moisture determinations were made on 7
dates in the first run, including ealibrations immedi-
ately before and after. Due to the fact that the
boxes were sealed in the insulated jacket in the
second run, as well as the imminent possibility of
damaging the plants while transporting them .5 mi
from the chamber to the laboratory, soil moisture
determinations were made only at the beginning and
end.

Moisture determinations were made at 10 em
intervals beginning at the 5 em level and proceeding
to 85 em. An elevator having counterweights and
preset stops was used to position the hoxes in the
gamma heam.

Availability of soil moisture was studied by em-
ploying the pressure membrane technique (Richards
& Ogata 1961). A desorption curve was construected
to express the relationships found for the Palouse silt
loam used in the growth hoxes, assuming 15 atm to
represent the wilting point.

At 15 atmos the average soil moisture content was
11.78%. Tield capacity was estimated to be ap-
proximately 22%, hased on samples from the satu-
rated root growth study hoxes. Approximately half
of the available moisture for this soil lies hetween
11.78% (15 atm tension) and 16.32% (1 atm tension).
These levels are used as bench marks in the inter-
pretation of soil moisture data.

Roor IPENTIFICATION

Radioactive phosphorus was introduced into the
plants by submerging elipped leaf ends in a solution
containing the isotope. Five plants of each species
were treated. Only those voots near the surface of
the exposed soil column activated the film, Plants
near the edge of the box which were most likely to
have roots on the surface were chosen for treatment.
Thach plant received 10 pe of radioactivity. At this
level of activity satisfactory exposures could be made
in 6 to 8 hr.

Three sheets of 25 by 33 em no-sereen medical
X-ray film were taped end to end so as to cover the
entive side of the soil eolumn, from top to bottom.
The so0il boxes were tipped flat on the floor with the
treated side up. In complete darkness the X-ray
film was placed against the soil column, separated
from it only by the milar film. A sheet of plywood
was placed over the X.ray film with a thin sheet of
plvofoam between for cushioning. Lead hricks were
piled on top of the plywood to insure firm contaect.

SeepLING GROWTH

The root growth boxes demonstrated that B.
tectorum does, in faet, exhaust soil moisture ahead
of the growing A. spicatum roots. (TFig. 13 through
17). Plant roots remove soil moisture progressively
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Bromus tectorum seedlings in relation to available soil
moisture. Two replieations of each run in high density
A, spicatum,

from the top downward. Data in Table 6 show that
for the first 2 or 3 weeks after establishment, mois-
ture levels remained almost at field capacity, even
in the surface layer. In the Janunary 30 observation
a few centemecters of soil at the top of the boxes were
below 15 atm tension, At each successive ohservation
the level of available water receded. That transpiration
was removing most of the moisture can he shown by a
comparison of these data with moisture data for
boxes without plants. At the end of both the first
and second runs, soil moisture tension did not fall
below 1 atm at any point sampled in box 11 or 31,
which were exposed to identical conditions with the
other hoxes, except that they lacked plant growth.
Bromus tectorum competition definitely reduced
the elongation rates of A. spicatum scedling roots
in this study. There are not enough plants showing
on the radio-autographs to justify a statistical
analysis, but nevertheless the indicated trends are in
keeping with expected results (Table 7). The aver-
age A. spicatum length in boxes 9, 10, 29, and 31
(lacking B. teetorum competition) was 64.4 em, The
presence of 1 B. teetorum plant to 4 A. spicatum
plants reduced A. spicatum root lengths approxi-
mately 129 (boxes 1, 2, 21, and 22). When the
ratio was inereased to equal numbers of each species,
A. spicatum root growth was reduced an additional
15% (boxes 5, 6, 25, and 26), or to approximately
73% of no B. tectorum competition. At the highest
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Bromus tectorum seedlings in relation to available soil
moisture. T'wo replications of each run in high density
B, teotorum,

competition rate, 4 B. tectorum plants per A. spicatum
plant, 4. spicatum voot growth was reduced to 65%.
There also appears to be a rough negative correlation
between density of B. tectorum and number of A,
spicatum seedlings found on the radio-autographs.
Bromus tectorum seedling root elongation does not
appear to be influenced by spicatum secdling
competition within the range of densities tested. The
shortest roots were found where the least density of
A, spicatum was present (Table 7). This seems to
imply that intraspecific competition is more keenly
felt by this species than interspecific competition.
Of greater significance than relative root length is
the location of roots in relation to available moisture,
In hoxes without B. tectorum competition (I'ig. 16),
3 of 8 visible A. spicatum plants have roots extending
into soil with water available at less than one atmos-
phere tension. . spicatum roots are not in this rela-
tively low tension soil moisture zone in any box con-
taining B. tectorum plants., Only the tips of a few
A, spicatum roots growing in competition with B
tectorum reach into the zone of moisture available
between one and 15 atm tension. Thus most of the
A. spicatum roots are found in soil with moisture
tension above 15 atm. On the other hand, in the
boxes of the first run, B. fectorum roots extend well
down into the zone of soil moisture at tensions less
than 15, or even 1 atm tension. Up to 509% of the

by temperatures as low as 3 C.

Bromus tectorum seadlings in rvelation to available soil
moisture. Two veplications of each Tn with equal densi-
ties of cach species.

total length of some B. tectorum roots are in soil
containing moisture available at tensions less than
15 atm.

Results of the first run clearly show the relative
location of the plant roots to the moisture supply.
Moisture data for the second run are not so useful
beeause the moisture level was allowed to become de-
pleted too far before the moisture samples were taken.
However, the second run root diagrams are included
here as additional evidence of relative rate of root
growth in support of the first run.

Plants of bhoth species grew deeper in the second
run than in the first. This is attributed to the longer
growth period and to reduced transpiration stress due
to the lower temperatures. The lower temperatures
did not, however, appear to change materially the
growth ratio between the two species.

It was the objective of the seecond run to simulate
field conditions more nearly than in the first run.
In the field, eold temperatures gave an additional ad-
vantage to B. tectorum root growth, as previously dis-
cussed. The eapacity of the growth chamber would
not allow reducing soil and atmosphere temperatures
to 0 C. It is apparent hoth from the growth chamber
data of the second run, and from soil-plant observa-
tions in the glass tube study, that A. spicatum
seedling roots grow well at 8-10 C,, but are inhibited
Thus, in a sense,
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TABLE 6. Depth in root study boxes to moistnre at 15
atm tension by dates, 1964. First run,

4
Jan. 30 | Feb. 13.( Feb. 27 | March 11

Box (em) (em) (em) (em)

Lo vimmwonvas 2 13 35 51
2 1 13 33 45
B 4 12 35 52
s 3 10 23 B7
Bismimn wne 1 11 27 54
[ P 1 12 27 56
- 1 14 28 60
B mas s s 1 13 39 60
O piiani s 3 15 25 60
[ 2 13 25 53
|5 0 0 0 4

the attempt in the second run to study more closely
the phenomena found in the fleld with the glass
tube study failed. But it emphasized the changes
which oceur in growth rate correlated with small
changes in temperature near freezing.

DISCUSSION

Specific  research results have been discussed
throughout the foregoing methods and results section.
Therefore the discussion here will consider these
experiments as they contribute to an understanding
of the overall competitive relationships between A.
spicatum and B. tectorum.

Bromus tectorum definitely does compete strongly
with seedlings of A. spicatum. McKell, Robinson &
Major (1962) imply that B. tectorwm stands present
a “biological near-vacuum” to invading species, Fur-
ther, they eite Stewart & Hull (1949) as supporting
their thesis that “ecommunities of annual plants are
extraordinarily open.” On the contrary, the latter
authors (p. 62) say that B. tectorum has “great
competition power.” Robertson & Pearse (1945)
classify B. tectorum stands as “closed ecommunities”
as far as range seeding is concerned. This latter
view is in accord with the experience of the author,
and with the experimental results reported.

However, B. tectorum stands may be invaded by
other species under conditions not revealed in these
experiments, The faet that B. tectorum succumbs
to competition by certain other weedy species such as
Taeniatherum asperwm (Simonkai) Nevski does not
mean that B. tectorum is a poor competitor to the
seedlings of desivable, late maturing, perennial
grasses.

At moderately low temperatures and in moderately
moist soil, as frequently found in the fall on field
sites, B. tectorum has a small advantage over A.
spieatym in rate of germination. At this season of
the year early germination may be important in eom-
petition beeause the earliest plants to germinate have
the greatest opportunity for growth and establishment
before inhibiting winter temperatures oceur. Field
observations of germination indicate that the slight
advantage of promptitude of germination in B.
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TABLE 7, Maximum root lengths in root growth study boxes (see Tig. 13 through 17).

1. 37, No. 2

Boxes 7, 8, 27, 28 Boxes 1, 2, 21, 22 Boxes 5, 6, 25, 26 Boxes 3,4, 23, 24 Boxes 9, 10,
29, 30
A. spicatum B. tectorum | A. spicatum | B. tectorum | A, spicalum | B. lectorum | A, spicatwm | B. lectorum
273 49 224 136 136 224 273
(em) (em) (em) {cm) (em) {em) (em) (em)
18 67 51 75 29 T 63 35 55
26 96 54 90 48 72 37 57
64 57 55 88 27 81 46 72
67 97 58 91 57 71 32 7
50 100 87 99 75 72 32 58
53 81 35 86 81 42 88
55 100 47 100 100 47 62
70 68 100 87 64 67
50 96 91
62 98 100
96 100
97 100
79 78
82 87
97 91
96
97
100
Average 64.4 86.4 56.9 9.1 47.2 82.1 41.0 82.8

tectorum is not a major consideration in competition
between these two species.

On the other hand, the relative abundanee of sceds
is important. No count of B, tectorum seed was made
in this study, but Hulbert (1955) reports counts of
200 to 600 seeds/dm on plots at Lewiston, Idaho.
The usual rate of artificially sceding 4. spicatum in
current renovation practices (8 lb/ncre) provides
fewer than 3 seeds/dm. Remnant plants in de-
teriorated 4. spicatum stands would not produce near-
ly as many seeds as a vigorous stand of B. tectorum.

Once sceds of these 2 species have germinated, B.
tectorum has a distinet advantage in rate of voot
clongation. At normal room temperatures its roots
grow about 509% faster than A. spicatum roots. In
the fleld, where soil temperatures are at or near
freezing for long periods during the winter, B.
tectorum has an even greater advantage. B. tectorum
roots, which grow at greater depths due to their more
rapid elongation immediately after germination, have
the advantage of higher soil temperatures. At tem-
peratures near freezing, differences of 2 or 3 €, such
as were found in the field, can he critical. Also, B.
tectorum roots can grow in soil at temperatures as
low as 3 C, but the minimum for A. spicatum root
growth appears to be in the range of 8 to 10 C.

The inherently greater root elongation rate of B.
tectorum is the key characteristie which aceounts for
its dominance over 4. spicatum seedlings. As a result
of greater root growth rate and earlier development,
B. tectorum seedlings usually grow to maturity with
roots in a relative abundance of soil moisture. Dau-
benmire (1959a) proposed that where growth water
is not present throughout the summer, the relative
rapidity of root penetration is generally the most
important factor governing the success of seedlings.

A possible explanation for the vapid elongation rate
of B. tectorum roots may be found in their cell strue-
ture. Not only are these roots smaller in diameter, but
cell walls have only a fraction of the thickness ob-
served in A. spicatum roots. Assuming an equal rate
of photosynthate product in bhoth species, a unit of
yield would furnish structural material for at least
three to four times as much voot length of the B.
tectorum design. Part of this could he expressed as
inereased length in the primary root, and part as
an extension of secondary branches or adventitious
root growth.

Bromus tectorum stands maintain a heavy demand
on soil moisture stores over a wide range of plant
densities. In dense stands, primary and secondary
root systems deplete available moisture as they ad-
vance. In sparse stands, plants tiller and produce
vigorous adventitious roots. These also grow faster
during the winter than the primary roots of A.
spicatum, further depleting the moisture store as they
advance.

In the season when growing conditions ave favor-
able for A. spicatum seedling growth, B. tectorum
seedlings already have gained dominance of the site.
The extremely diverse root system of B. tectorum
penetrates practically every pore space in the profile.
Moisture content is reduced until relatively high
tensions are reached throughout the upper soil
horizons. The normally slow rate of 4. spicatum
seedling root growth is further reduced hy high mois-
ture tensions.

If the roots upon which an 4. spicatum seedling
depends for water do not reach a dependable moisture
supply, it will likely succumb in the summer drought
period. Tt will have performed as if it were a winter
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annual, This is the usual fate of 4. spicatum seed-
lings growing on sites dominated by B. tectorum.

If, on the other hand, an 4. spicatum seedling
sueeeeds in maintaining life through the first summer
drought in a B. fectorum stand, it normally faces a
long period of suppression. Iach successive year
B. tectorum, capitalizing on winter root growth,
rohs the upper soil moisture hefore the principal
season of growth oecurs in 4. spicatum. TUntil a
seedling ean grow large enough to exert control over
B. tectorum in its immediate vieinity, it will continue
to be supressed. Mature 4. spicatum plants exercise
control over B. tectorum by competition for factors
other than soil moisture. The author suspects that
reduced amounts of available nitrates is very im-
portant.

Growth of either speeies may be favored in a given
year by annual variations in weather. A favorable
year for B, tectorium is characterized by moist fall
and spring weather, combined with normal tempera-
tures, B. tectorum growth is limited hy delayed fall
rains, or dry, cold spring weather. A. spicatum
growth is enhanced by eool, wet swnmmer weather,
In the B. fectorum region moist summers are in-
frequent. In such a season, A. spicatum seedlings
may beecome established or previously suppressed
older plants may be released to establish dominance.

It is doubtful that B, tectorum is forced into early
maturity beeause its roots are shallow, as suggested
by Spence (1937). This species prohably dries early
because its root structure is not conducive to efficient
transfer of moisture through heated and dessicated
surface soil horizons. The endodermis cells, which in
A, spicatum ave heavily suberized, are thin in B.
tectorum and apparently offer little resistance to
moisture loss, Inability to transfer moisture efficient-
ly becomes progressively more eritical in the spring as
inereasing insolation and rising temperatures accel-
erate transpiration. Substantiation of these statements
lies in (1) examination of B. tectorum root tran-
sections, (2) discovery that roots of mature, dry B.
tectorum plants inhabit deep soil layers where there
is abundant available moisture, and (3) the fact that
B. tectorum plants eontinue to live through the sum-
mer season in the occasional situation when surface
moisture is available,

Competition for light does not seem to be an im-
portant factor between these two species. A. spicatum
leaves were tallor than B. tectorum leaves in the root
growth study hoxes. Thus, it is difficult to imagine
B. tectorum leaves shading more than the lower
leaves of A. spicatum. Competition for light was not
evident in B. fectorum either, since B. tectorum plants
produced longer roots and equally tall leaves in eom-
petition with 4. spicatum as in a monospeeifie stand.
Densities in the hoxes were equivalent to the average
densities of B. tectorum found in the field. Light in-
tensities in the growth chambers was considerably less
than in open sunshine. In full sunshine, light would
he even less a factor of competition.

Yields of B. tectorum have heen determined as high
as 3,461 1b/acre, with average yields equaling those
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of perennial grass species (Stewart & IHull 1949,
Hull 1949). B. tectorum produces these yields very
efficiently, using only part of the total water store.
This is accomplished by early season growth, when
transpiration rates are velatively low. By contrast,
rapid 4. spicatum growth and production oceurs dur-
ing the heat of summer. Wasteful transpiration must
aceompany swmmer growth in spite of the anatomical
structure in A. spicatum leaves which slows water
loss. I'urther, B, tectorum has a high efficiency of
water use (produced larger yields of top growth per
unit of water used) than summer growing perennial
grasses (Hull 1963). A, spicatum was not com-
pared in Hull's test.

Seedlings of the two species compete with each
other over a wide geographic arca, Within this area are
found landscapes with considerable variation in physi-
cal features, including soil texture and development,
topography, amount and distribution of precipita-
tion, temperatures, and wind. The competitive ad-
vantage which B. tecterum enjoys over A. spicatum
scedlings is great enough to overcome much of the
natural variation found in semi-arid grassland and
sagobrush sites of the Intermountain and Columbia
Basin regions. This is evidenced by the general
dominance of B. tectorum on disturbed sites through-
out these regions.

However, a change in one factor, the amount of
swnmer precipitation, reduces B. tectorum to an
unimportant position as a competitor. Tarly phe-
nology is not eritical where a continnously renewed
supply of summer moisture is available. In the moist
grassland (Festucatum) of eastern Washington for
example, B. tectorum is a poor competitor, being
relegated to oceupation of recently disturbed spots
(Daubenmire 1942, p. 76). It has a similar place in
the great plains, where summer precipitation is the
normal pattern.

The seloction of A. spicatum ecotypes which could
suceessfully compete with B. fectorum has been
suggested. The selection of an early developing
variant, if available, would likely not solve the prob-
lem. Fivst, one of the major disadvantages of B.
tectorum as a forage plant is its early maturity. There
would be little point in encouraging the replacement
of B. tectorum by an A. spicatum ceotype which
matured as early as the B. tectorum. And second, it
is unlikely that there is any ecotype available which
would ecome near being as early phenologically as B.
tectorum. Selection of 4. spicatum ecotypes for
ability of roots to grow rapidly at low temperatures
appears more realistic. If one could be found which
grows fast enough to at least maintain the tips of its
roots in contaet with the upper fringe of available
soil moisture in a B. tectorwm stand, it may be able
to survive the eritical first summer, growing on deep
moisture remaining after B. tectorum has matured.

SUMMARY

Agropyron spicatum was a major species dominat-
ing millions of aeres of the northern intermountain
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region in its pristine econdition. The introduction of
Furopean culture with new use-patterns upset this
balance and introduced Bromus fectorum, a winter
annual which soon displaced 4. spicatum over wide
areas. Serious attempts are now heing made to restore
perennial grasses.to the range. B. teetorum competi-
tion provides a major barrier to the establishment of
scedings. An understanding of the basic factors con-
trolling competition between these two species will
contribute to more suceessful action programs.

Field experiments to investigate this problem have
heen condueted at the Harder Ranech site, located near
Benge, Washington, and at the Pullman Nursery, on
the Washington State University campus at Pullman.
Additional studies have been conducted in the labora-
tory.

Twenty acres of deteriorated range land, on which
B. tectorum had been controlled with variable sue-
cess, was sceded to A. spicatum in the fall of 1959.
In the spring of 1960 a series of plots was established
here to study the influence of B. fectorum competi-
tion (dense, moderate, sparse) upon A. spicatum
seedlings survival. October, 1960, counts indicated
averages of survival to be 39, 69, and 86%, respec-
tively, In July 1960, A. spicatum seedlings growing
in sparse B. tectorum averaged 9.1 and 7.5 times
as heavy (green and dry weight, respectively) as A.
spicatum seedlings growing in dense B. tectorum.
Moisture lost upon oven drying amounted to 439 for
A. spicatum seedlings growing in sparse B. tectorum
and only 169 for A. spicatum seedlings growing in
dense B. tectorum. Soil moisture determinations
made on July 25, 1960, when the ahove-deseribed
leaf samples were taken, indicated available moisture
was present at depths where roots of the larger plants
were growing in sparse B. tecforum but none at depths
where roots of the smaller plants were growing in
dense B. tectorum. Soil moisture was available at the
lower rooting levels of B. tectorum even after this
species had matured and died.

Agropyron spicatum scedlings growing in sparse
B. tectorum rooted to an average depth of 95 em,
with maximum penetration to 136 em. In dense B.
tectorum, A. spicatum seedling roots reached depths
of 50 to 60 em. B. tectorum seedlings penetrated to
an average depth of 105 ¢m,

Both species inifially produce a primary root
system, and if site factors permit, later produce ex-
tensive adventitious roots, The adventitious roots
of A. spicatum grow out laterally from the root
erown for a distance of 20 to 30 em before turning
downward. The primary systems of hoth species,
and the adventitious roots of B. fectorum grow di-
rectly downward from the root erown. B, tectorum
roots are more finely divided, and make fuller eon-
tact with the soil than do A. spicatum roots. On
the other hand, A. spicatum roots are eonstrueted
more heavily, and are hetter adapted to withstand
summer drought.

Tests indicate that both species germinate at ap-
proximately the same time during moist fall weather.
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B. tectorum seed germinated more rapidly than A.
spicalwm seed at 10 G, but the reverse was true at
30 C. The two species did not germinate differently
at water potentials of 0, 6.2, and 11.4 atm.

Seasonal root growth patterns were studied by
use of glass tubes filled with soil and set into the
ground in orchard auger holes.

TFollowing field germination in Oectober, B. tectorum
roots eontinued to grow throughout the winter. They
had reached average depths of 87 em by March 9.
Numbers of leaves, stems, and roots increased con-
tinuously throughout the winter also. In contrast,
A. spicatum roots grew but little during the winter,
reaching only 14 ¢m depth by March 9. Furthermove,
numbers of leaves, stems, and roots did not increase
as rapidly as in B. tectorum during the winter,
Winter soil temperatures averaged 1 C at depths
where 4. spieatum root tips were growing and 3 C
at deeper levels where B. tectorum voot tips were
growing. B. tectorum voots eontinned to grow at 3 C,
but 4. spicatum roots remained dormant wuntil
soil temperatures veached 8 to 10 C in late April. At
this time many adventitious roots of B. tectorum
were at deeper levels than the primary roots of 4.
spicatum. B. tectorum seed matured in mid-May, but
A. spicatum sced had not matured on July 22 when
the trial was terminated.

A laboratory study was made of relative rates of
root growth under competition, as well as the soil
moisture relationships which prevailed. Soil moisture
determinations were made using the gamma ray at-
tenuation teehnique, and root systems were traced by
use of a radioactive isotope of phosphorus. In-
creasing densities of B. fectorum decreased the aver-
aged depth of A. spicatum seedling root penetration.
B. tectorum roots grew deeper with inereasing A,
spicatum densities; this appears to indicate that B.
tectorum is inhibited more by intraspecific competi-
tion than by interspecific competition with . spica-
tum. B. tectorum roots consistently were found in
soil eontaining moisture available at less than 1 atm
tension, A. spicatum roots, on the other hand, were
in soil with water available only at tensions greater
than 15 atm.

Bromus tectorum ountcompetes A. spicatum seced-
lings by extending its roots more rapidly during the
winter, thus gaining control of the site hefore A.
spicatum seedlings become established. B. tectorum
matures four to six weeks earvlier than A. spicatum,
placing a major stress on the stored moisture supply
prior to the needs of A. spicatum. At the later date
when . spicatwm needs the moisture to smrvive
through the summer, moisture has been exhausted at
the levels where A. spicatum roots have reached in
competition with B. tectorum,
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